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ABSTRACT 
C5-methylation of cytosines is strongly correlated with UV-induced mutations detected in skin 
cancers. Mutational hot-spots appearing at TCG sites are due to the formation of pyrimidine 
cyclobutane dimers (CPDs). The present study, performed for the model DNA duplex 
(TCGTA)3·(TACGA)3 and the constitutive single strands, examines the factors underlying the 
effect of C5-methylation on pyrimidine dimerization at TCG sites. This effect is quantified for 
the first time by quantum yields . They were determined following irradiation at 255, 267 and 
282 nm and subsequent photoproduct analysis using HPLC coupled to mass spectrometry. C5-
methylation leads to an increase of the CPD quantum yield up to 80% with concomitant decrease 
of that of pyrimidine(6-4) pyrimidone adducts (64PPs) by at least a factor of three. The obtained 
 values cannot be explained only by the change of the cytosine absorption spectrum upon C5-
methylation. The conformational and electronic factors that may affect the dimerization reaction 
are discussed in the light of results obtained by fluorescence spectroscopy, molecular dynamics 
simulations and quantum mechanical calculations. Thus, it appears that the presence of an extra 
methyl on cytosine affects the sugar puckering, thereby enhancing conformations of the TC step 
that are prone to CPD formation but less favorable to 64PPs. In addition, C5-methylation 
diminishes the amplitude of conformational motions in duplexes; in the resulting stiffer structure, 
* excitations may be transferred from initially populated exciton states to reactive pyrimidines 
giving rise to CPDs. 
KEYWORDS 
DNA methylation, quantum chemistry, cyclobutanes dimers, (6-4) photo-adducts, 
photochemistry,  
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INTRODUCTION 
Important biological functions, associated with gene expression and genome reprogramming, 
are regulated via methylation/demethylation of cytosines (C) at their 5 position.
1-2
 But 5-
methylated cytosines (5mC) have been also correlated with carcinogenic mutations induced by 
UV radiation. This minor nucleobase is considered to be involved in about 30 % of mutational 
hotspots detected in the p53 gene of skin tumors.
3-4
 Mutations were found in CCG/TCG sites (T 
and G stand, respectively, for thymine and guanine) and mutational events have been connected 
with the formation of cyclobutanepyrimidine dimers (CPDs).  
Several studies on di- and tri-nucleotides, model duplexes, genomic DNA and cells found that 
the CPD yield increases upon C5-methylation.
5-9
 However, the reported reactivity enhancements 
are not comparable because no quantum yields are available and the conclusions depend on the 
specific experimental conditions used in each experiment. Another important discrepancy in the 
literature reports concerns the role of the irradiation wavelength. As a matter of fact, the increase 
in mutation frequency due to C5-methylation was found to be one order of magnitude higher for 
UVB irradiation compared to UVC.
10
 Therefore, it was attributed to the red shift of the 
absorption spectrum of 5mC with respect to that of C (Figure 1a). But a much smaller difference 
was determined between the yields of the UVB- and UVC-induced CPDs in isolated genomic 
DNA.
8
 In addition, a difficulty preventing correct evaluation of the reactivity of methylated 
duplexes arises from deamination of T5mC CPDs (Scheme 1). This process, occurring in dark, 
transforms T5mC CPDs into TT CPDs.
11-12
 As a result, it is not possible to discriminate between 
CPDs arising from T5mC and TT sites unless analysis at the nucleotide level in specific 
sequences is performed. 
 4 
 
 
Figure 1. Comparison of the absorption spectra of (a) dC (blue) and 5mdC (red) and (b) the methylated duplex m-
ds and the corresponding stoichiometric mixture of mono-nucleosides. Spectra in (b) are normalized to their 
maximum. Vertical grey lines denote the irradiation wavelengths. 
 
In the light of the above considerations, it appears that the starting point for understanding the 
role of C5-methylation in the photoreactivity of duplex DNA is the determination of quantum 
yields. These quantum yields should correspond to dimerization reactions occurring exclusively 
in bipyrimidine sites that can be selectively methylated. This was precisely the first objective of 
the present study. It has been performed for duplexes with 15 base pairs containing the relevant 
sequence TCG in its non-methylated and methylated form: (TCGTA)3·(TACGA)3 and 
(T5mCGTA)3·(TACGA)3, abbreviated as n-ds and m-ds, respectively. In such a base sequence, 
pyrimidine dimers originate solely from TCG sites. For comparison, we have also studied the 
corresponding single strands (TCGTA)3 and (T5mCGTA)3, abbreviated as n-ss and m-ss, 
respectively. We note that the complementary single strand (c-ss) (TACGA)3, common in n-ds 
and m-ds, does not contain reactive bipyrimidine sites. 
We determined quantum yields for pyrimidine dimerization, analyzing not only CPDs but also 
the second type of dimeric phototoproducts, pyrimidine(6-4) pyrimidone adducts (64PPs), 
whichso far attracted less attention than CPDs (Scheme 1). Irradiations were carried out at 255 
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and 266 nm and 282 nm. The photoproducts were quantified by HPLC coupled to mass 
spectrometry. 
 
 
Scheme 1: Formation of T5mC dimeric photoproducts. CPD: cyclobutane pyrimidine dimers, 
64PP: pyrimidine (6-4) pyrimidone photoproducts, dR: 2-deoxyribose 
 
The dimerization quantum yields determined for our model systems clearly show that the 
effect of C5-methylation on pyridine dimerization cannot be explained simply by the difference 
between the absorption spectra of C and 5mC. Therefore, we explored other factors that may 
affect the dimerization reactions. Thus, we pursued our investigation using fluorescence 
spectroscopy, molecular dynamics simulations (MD) and quantum mechanical (QM) 
calculations.  
Fluorescence spectroscopy provided information about the redistribution of the excitation 
energy within single and double strands.
13
 This is reflected in the way that C5-methylation 
affects the fluorescence quantum yields of the * emission and the low-energy emission bands 
due to charge transfer transitions. Then, molecular dynamics (MD) simulations, already used for 
the study of pyrimidine dimerization,
9, 14-15
 allowed us to investigate the effect of C5-methylation 
on the conformational behavior of the studied systems and, in particular, on the most important 
 6 
structural parameters modulating the dimerization reactions. Finally, we evaluated the effect of 
C5-methylation on the Franck-Condon excited states, by performing QM calculations on 
representative fragments of the examined systems: on the one hand, DNA duplexes with three 
base pairs composed of the relevant sequences (TCG)ds and (T5mCG)ds; on the other, single-
stranded pentamers (TCGTA)ss/(T5mCGTA)ss and (ATCGT)ss/(AT5mCGT)ss in the duplex 
geometry, in order to assess the role of the bases flanking the central sequence.  
The second part of our work, based on three complementary approaches, shows how the 
presence of an extra methyl at the TCG sequence may modify conformational and electronic 
parameters that play a key role in the UV-induced dimerization reactions. It highlights the 
complexity of the involved processes and sheds light on the subtle interplay of different chemical 
physical effects modulating the DNA photoreactivity. 
EXPERIMENTAL DETAILS 
Materials. DNA oligomers, HPLC purified, were obtained from Eurogentec Europe as single 
strands. Equimolar mixtures (2×10
-4 
molL
-1
) of complementary single strands were dissolved in 
phosphate buffer (0.1 molL
-1
 NaH2PO4, 0.1 molL
-1
 Na2HPO4, 0.25 molL
-1
NaCl) prepared using 
Millipore water (Milli-Q Synthesis) and annealed in a dry heat bath (Eppendorf Thermostat 
Plus). To this end the solutions were successively (i) kept at 95°C for 15 min, (ii) cooled to the 
estimated melting temperature of the duplex where they were maintained for 30 min and (iii) 
slowly cooled down to room-temperature. Typical melting curves are shown in Figure SI-1. The 
strand concentration in the experiments varied between 0.5×10
-6 
 and 2×10
-6 
molL
-1
. 
Spectroscopic measurements. Steady-state absorption and fluorescence spectra were obtained 
using a Perkin Lambda 900 spectrophotometer and a SPEX (Fluorolog-3, Jobin-Yvon) 
spectrofluorimeter, respectively. Emission spectra were recorded at a right-angle configuration 
 7 
and were corrected for the response of the detection system. Temperature control was achieved 
by a Huber CC3 apparatus. Fluorescence quantum yields f were determined using TMP as a 
reference (f = 1.54×10
-4
).
16
 In order to avoid artifacts related to the very weak fluorescence of 
nucleic acids, we applied specifically developed experimental protocols.
17-18
 
Irradiations. Continuous irradiations were performed using the Xe lamp of the SPEX 
spectrofluorimeter with a monochromator bandwidth of 5 nm. During the irradiation the 
temperature of the solution, which was mildly stirred, was kept at 23±0.1°C. The intensity of the 
exciting beam was continuously monitored by a photodetector which was calibrated before and 
after the experiment by a powermeter (OPHIR/PD300-UVNIST traceable).  
Photoproducts analysis. Oligomers were enzymatically hydrolyzed to release unmodified 
bases as nucleosides and photoproducts as dinucleoside monophosphates. Two 2-hour incubation 
periods were performed at 37°C, first with phosphodiesterase II, DNase II and Nuclease P1 (pH 
6), then with phosphodiesterase I and alkaline phosphatase (pH 8). The obtained solutions were 
analyzed by HPLC-MS/MS using negative electrospray ionization. Selective quantification of 
the dimeric photoproducts was achieved by multiple reaction monitoring.
7
 In this detection 
mode, the first quadrupole of the mass spectrometer is set at the m/z value of the targeted 
pseudo-molecular ion. Subsequently, these ions are directed into the second quadrupole, where 
they are fragmented by collision with molecular nitrogen. The resulting fragments are then 
directed into the third quadrupole that is set at m/z values specific for the targeted compounds. 
For CPDs, both the cis,syn (c,s) and trans,syn (t,s) diastereoisomers were quantified. 
Fragmentations used for TC photoproducts have been reported previously.
7
 The 5195 
transition was used for the t,s CPDs and 64PPs of T5mC. The c,s T5mC CPD was quantified as 
itsdeaminated TT derivative due to quantitative deamination during enzymatic hydrolysis. In 
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contrast, t,s T5mC CPDs were more stable; yet, t,s TT CPD resulting from its deamination was 
also detected.  
COMPUTATIONAL DETAILS 
Molecular dynamics simulations. The single strands studied by MD simulations correspond 
to n-ss and m-ss, as defined in the introduction. In the case of duplexes, in order to avoid fraying, 
we considered longer structures (19-mers), containing additional GC sequences at both ends of 
the 5’3’strand, and subsequently we analyzed the central 15-mers, corresponding to n-ds and 
m-ds. As we have a repetitive sequence, we distinguished three different TCG/T5mCG triplets, 
numbered 1 to 3, along the 5’  3’direction. Each oligomer was constructed with a canonical B-
DNA conformation. A single very long (500 ns) MD simulation was performed for each system. 
Trajectories were obtained using state-of-art simulation conditions derived by the ABC 
consortium
19
 and already successfully used in the study of TCG trimers.
9
 Indeed, MD 
simulations were done with periodic boundary conditions within a truncated octahedral cell, 
using the Amber11 suite of programs
20
 and the parmbs0 refinement
21
 to the parm99 force 
field.
22-23
 We used a SPC/E water model
24
 and K
+
 ions to achieve neutrality; the ionic strength 
was set to about 0.15molL
-1
 by adding KCl salt. The structures were immersed in a truncated 
octahedral water box whose dimensions ensured a 11 Å solvation shell around the structure. 
Electrostatic interactions were treated using the particle mesh Ewald method with a real space 
cut-off of 9 Å. Lennard-Jones interactions were truncated at 9 Å. The Berendsen algorithm was 
used to control temperature and pressure, with a coupling constant of 5 ps for both parameters. 
Parameters for the 5mC were derived from Lankas et al.
25
 The systems were equilibrated using 
previously published protocols.
9, 19
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The trajectory structures were visually inspected using VMD 1.9.
26
 The analysis of the 
parameters was conducted using the ptraj module of Amber11. The 3DNA program
27
 was used 
to analyze the simulations of single-stranded structures as well as to extract the vectors normal to 
the aromatic plane of the bases and the distances between the geometric centers of the bases. The 
Curves+ program
28
 was mainly used to analyze the simulations of double strands. 
The ptraj module of Amber was used to perform a clustering procedure of the n-ds trajectory 
data. The means algorithm was applied to produce 5 clusters using a RMS metric which 
compares all atoms in the central pentamer A7T8C9G10T11 duplex. The representative structure of 
the major cluster (population 33%) was used in the quantum chemistry calculations.  
The stacking between different bases was quantified by combining two parameters: the 
distance (dcen) between the geometric centers of adjacent base rings and the angle () between 
the vectors normal to the mean planes of the bases. The bases along the trajectory showing a 
geometry with dcen<4.0 Å and <30° (or >150°) were considered to be stacked. 
We also analyzed two distinctive distances between adjacent T and C/5mC nucleobases along 
one strand: the distance (d)between midpoints of the C5-C6 bonds of adjacent T and C/5mC 
rings and the distance (g) between the C5 atom of T and the N4 atom of C/5mC. These two 
distances have been associated to CPD and 64PP formation, respectively.
14
 
Quantum mechanical calculations. QM calculations were carried out by the Time Dependent 
(TD) DFT method, adopting M052X functional and including the solvent effect by the 
Polarizable Continuum Model (PCM).This approach has been already applied in the study of the 
excited states of oligonucleotides as well as their photoreactivity and, in particular on pyrimidine 
dimerization, providing results fully consistent with the experimental observations.
9, 29
Starting 
from a representative structure derived from MD simulations on n-ds as described in the previous 
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section, we extracted the central double stranded structure with three base pairs, 
(TCG)ds.Subsequently, we performed a preliminary geometry optimization, in order to 
compensate possible inaccuracy in the determination of the base structureby MD simulations. To 
this end, we useda relatively high(0.003 a.u.) convergence threshold so that to keep the duplex 
conformation as close as possible to that issuing from MD simulations, which corresponds to the 
entire duplex and not only to a small fragment. A similar procedure was followed in the study of 
the single-stranded fragments (TCGTA)ss and (ATCGT)ss. The effect of methylation was 
checked simply by substituting the hydrogen atom bonded to C5 of cytosine by a methyl group.  
EXPERIMENTAL RESULTS  
1. Dimerization quantum yields  
 
Figure 2. Effect of C5-methylation on the amount of c,sCPDs (a) and 64PPS (b) detected as a function of the 
absorbed photons by n-ds (blue) andm-ds (red). Irradiation wavelength: 282 nm. 
We determined the quantum yields of dimeric photoproducts, CPDs and 64PPs, by adding 
both the T5mC and TC derivatives and their deaminated TT counterparts. The concentration of 
detected photoproducts varied linearly with the number of absorbed photons, ruling out 
occurrence of secondary photoreactions such as photoreversion of CPDs or conversion of 64PPs 
into their Dewar valence isomers. For each system, at least two series of irradiations were carried 
out. An example is shown in Figure 2 while additional data are presented in Figures SI-2 and SI-
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3. The values were determined from the slopes of the linear regressions. As only c,s CPDs were 
detected in duplexes, the values of CPD given below refer to only this diastereoisomer. However, 
we notethatt,s CPDs are formed in single strands. Their ratio in respect to c,s CPDs depends 
strongly on C5-methylation, dropping from 1/6 for n-ss and 1/16for m-ss. 
 
Table 1.Quantum yields (x103) determined for the formation of dimeric photoproducts 
following irradiation of single and double strands at wavelengthirr. 
 irr (nm) n-ss m-ss n-ds m-ds 
CPD
¥
 
255 1.32 ± 0.03 1.30 ± 0.06 0.62 ± 0.03 1.12 ± 0.04 
267 2.10 ± 0.09 2.14 ± 0.05 1.19 ± 0.05 1.31 ± 0.04 
282 1.49 ± 0.05 2.49 ± 0.09 1.09 ± 0.05 1.67 ± 0.06 
64 
255 1.41 ± 0.06 0.29 ± 0.02 0.67±0.02 0.15 ± 0.02 
267 2.93 ± 0.11 0.46 ±0.02 0.72 ± 0.01 0.15 ± 0.01 
282 1.27 ± 0.05 0.46 ± 0.03 0.70±0.02 0.21 ± 0.01 
¥
c,s CPDs 
We observe in Table 1 that, depending on the system and the irradiation wavelength, C5-
methylation may have a negligible effect onCPD(single strands, 255nm),or induce an increase up 
to 80% (duplexes, 255 nm). The opposite effect is encountered for 64, which decreases by a 
factor ranging from 3.3 to 6.6. We also remark that, regardless methylation, base-pairing reduces 
both CPD and 64. Moreover, the variation of values is non-monotonous with the irradiation 
wavelength. 
The values in Table 1 do not account directly for the specific reactivity of 5mC because all 
bases absorb at the irradiation wavelengths.
16, 30
 Such a blurring is more pronounced for double 
than for single strands due to the presence of the non-reactive strand c-ss. In order to examine 
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whether the differences between methylated and non-methylated systems arise simply from 
changes in the cytosine absorption spectrum upon C5-methylation, we make the hypothesis that 
the absorption spectrum of each monomeric chromophore within the single and double strands is 
the same as that of the monomeric chromophore in solution. Accordingly, we defined by the 
parameter Im=mψm/nψm; m and n are the quantum yields found for the a methylated and the 
corresponding non-methylated system, respectively; ψm and ψn represent the fraction of photons 
absorbed by a reactive 5mC or C of the TCG/T5mCG sequences (TableSI-1). Thus, theIm values, 
shown inTable 2, represent the effect of methylation on the quantum yields corrected for the 
absorption of reactive cytidines.  
 
Table 2. Effect of C5-methylation on the quantum yields of dimeric photoproducts 
quantified by the parameter Im=mψn/nψm
¥
accounting for the different absorption spectra 
of C and 5mC  
 irr(nm) single strands duplexes 
CPDs

 
255 1.3 2.4  
267 1.3  1.4  
282 1.4 1.3 
64PPs
§
 
255 0.3 0.3 
267 0.2  0.3  
282 0.3 0.2 
¥
mandn are the quantum yields found for the methylated and the corresponding non-methylated system, respectively (Table 
1);ψm and ψnrepresent the fraction of photons absorbed by a reactive 5mC or C of the TCG/T5mCG sequences (Table SI-1). 
Estimated errors: ±0.1, §±0.05. 
The Im values of CPDs are higher than 1. They are all around 1.3-1.4 with the exception the 
clearly higher value found for the 255 nm irradiation of duplexes. In contrast to CPDs, 64PPs are 
characterized by Im values lower than 1, around 0.2 -0.3.  
At this stage, we draw the conclusion that the effect of C5-methylation on pyrimidine 
dimerization cannot be explained simply in terms of spectral changes of excited states localized 
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on individual bases. Particularly intriguing is the enhancement of CPD formation for the short 
irradiation wavelength encountered only for duplexes. 
2. Fluorescence spectra 
 
Figure 3. Comparison of the fluorescence spectra of the single stands (dashed lines), n-ss (a, blue), m-ss (b, red) and 
c-ss (c, black) with those of the corresponding stoichiometric mixture of nucleosides (dots). The spectral intensities 
are representative of the quantum yields. Excitation wavelength: 255 nm.  
The steady-state fluorescence spectra of the examined single and double strands exhibit a 
main emission band around 330 nm and a less intense feature, shoulder or well-defined band, 
around 425 nm. The spectral changes observed upon varying the excitation wavelength from 255 
to 282 nm are smaller than the experimental errors. The multimer spectra, together with those 
corresponding to stoichiometric mixtures of non-interacting monomers, are presented in Figures 
3 and 4; their intensities are proportional to the fluorescence quantum yields f, ranging from 
0.6×10
-4
 to 1.3×10
-4
 (Table 3). 
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Figure 4. Comparison of the fluorescence spectra of the duplexes (solid lines) n-ds and m-ds with those of the 
corresponding stoichiometric mixture of nucleosides (dots); (a, blue) non-methylated systems; (b, red) methylated 
systems. The spectral intensities are representative of the fluorescence quantum yields. Excitation wavelength: 255 
nm.  
The position of the short wavelength band indicates that it corresponds to the * transition of 
monomers. Its intensity in the multimer spectra is lower than that observed for non-interacting 
monomers. We quantified this quenching using the parameter Q*=(Is-IM)/IM,where Is and IM 
denote the maximum intensity of the * emission band for the examined strand and the 
corresponding stoichiometric mixture of monomers (Figures 3 and 4). The absolute Q* values 
found for the duplexes amount to 0.6 and are higher than those of single strands (Table 3). We 
also remark that the peak of m-ds spectrum is blue shifted (324 nm) compared to that of the 
corresponding monomers (332 nm), whereas for the other three systems this shift is within the 
experimental error bars.  
The maximum difference between the multimer and monomer emission spectra appears at 
455 nm. Therefore, in analogy with Q*, we defined the enhancement of the long wavelength 
fluorescence of the single and double strands by E455nm = (Is-IM)/IM, considering the intensities of 
the monomer and multimer spectra at 455 nm. As shown in Table 3, the E455nm values range from 
0.31 to 3.12, being particularly high for the complementary single strand c-ss.  
Our fluorescence study revealed an important redistribution of the excitation energy in the 
examined multimers, quenching of the * states and population of low lying charge transfer 
states, as attested by the appearance of emission bands in the visible region. These effects depend 
strongly on base-pairing (Figure SI-4). However, such observations do not allow discriminating 
fluorescence arising from the various types of bases. Yet, the blue shift exhibited by the 
maximum of the m-ds spectrum compared to that of monomers indicates strong quenching of the 
5mC fluorescence, because this base emits at longer wavelengths than the others.
30
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Table 3. Fluorescence properties of the examined multimers observed for excitation at 255 nm: 
fluorescence quantum yields (f), fluorescence maximum (max, nm), quenching of the * 
fluorescence Q* = (Is-IM)/IM
¥
 and enhancement E455nm = (Is-IM)/IM
¥
 of the emission at 455 nm.  
 
 n-ss m-ss c-ss n-ds m-ds 
f (x10
-4
) 0.9 1.3 1.3 0.6 0.9 
Q*
#
 -0.41  -0.29 -0.28 -0.63 -0.60 
max,M
‡
 
max,s
‡
 
328 
324 
338 
336 
329 
328 
326 
323 
332 
324 
E455nm
#
 +0.61  +0.31 +3.12 +0.41  +1.11  
¥I indicates the intensity at the fluorescence maximum and at 455 nm, for Q* and E455nm, respectively (Figures 3 and 4). The 
indexes s and M refer to the examined multimer and the corresponding stoichiometric mixture of mono-nucleosides, respectively. 
Error bars:
#
±0.10;‡ ±2nm. 
THEORETICAL RESULTS  
Conformational factors 
Single-strands.The single-stranded structures fluctuate around B-DNA conformations, with 
the backbone angles that populate mainly canonical B-DNA values. For most of the trajectory 
time, the single strands maintain a base stacked helical structure. However, unstacking events 
frequently occur, also leading to the formation of folded hairpin structures (see SI and Figure SI-
5) with unusual dynamic H-bonds between bases along the curved strand. The formation of 
similar coiled states was already observed in independent MD simulations of other sequences in 
single strand conformation.
31
The structural rearrangement and the variability of conformers 
sampled along the m-sstrajectory are illustrated in Figures 5a and 5b, where the starting structure 
and the structure closest to the average are shown (see also Figure SI-6).  
The comparison of n-ss and m-ss trajectories highlights important features that can be 
correlated to the photodimerization trends. The stacking of two consecutive bases in the strand 
was evaluated by calculating the distance dcen between the centers of their aromatic moieties and 
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the angle between the vectors normal to the mean planes of the bases as described in the 
Computational Details section).We found that C5-methylation destabilizes CG stacking; the 
percentage of the CG stacked state is only 65% in m-ss vs 83% in n-ss (see SI and Table SI-2). 
In parallel, it increases the population of TC stacked states from 66% for n-ss to 70% for m-ss, 
thus altering the relative stability of CG and TC stacking. 
 
Figure 5. Structures derived frommolecular dynamicssimulations. Methylated single strand (a and b) and 
methylated duplex (c and d); (a) and (c):starting structures in whichthe hydrogen atoms are omitted for clarity; (b) 
and (d): structures closest to the average calculated on all non-hydrogen atoms (highlighted in ball and stick) 
superimposed on 20 structures (light gray) extracted from the trajectory every 25 ns. The T5mCG triplets are 
depicted in yellow.  
C5-methylation affects significantly the deoxyribose puckering of the deoxycytidine 
nucleotide, shifting the phase angle to smaller values, from 145.8 to 141.2 (average values for 
the three deoxycytidines present in the strand; Table SI-3). We further analyzed the distribution 
of the most populated conformers, i.e. C2’endo and C1’-exo, over the 500 ns trajectories 
sampled every 5ps (Table SI-4). In the case of n-ss, 54% of the deoxycytidines assume the 
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C2’endo conformation whereas 42% of them assume the C1’exo conformation. The ratio is 
reversed in m-ss, where the C2’endo and C1’exo populations are, on average, 43% and 53%, 
respectively.   
In the MD ensembles we have also analyzed the distance between midpoints of the C5-C6 
bonds (d) of adjacent T and C rings, which has been related with CPD formation.
14
 The distances 
are, on average, shorter for the T5mC pairs (4.20 Å) than for the TC pairs (4.44 Å) (Table 4). In 
addition, the fraction of short distances (<4.0Å) is higher in m-ss (45%) than in n-ss (37%) 
(Table SI-5). We carried out a similar analysis on the distance between the C5 atom of T and the 
N4 atom of C/5mC (g), which has been related with the formation of 64PPs.
14
 In this case, the 
fraction of short distances (<4.0Å) is only marginally higher in n-ss (38%) than in the m-ss 
(37%) (Table SI-6). 
Duplexes. Both methylated and non-methylated duplexes reached a stable state in 500ns of 
simulation (see SI for details). The overall average RMSDs on non-hydrogen atoms from the 
starting structure are 3.2±0.6 Å and 3.1±0.6 Å for n-ds and m-ds, respectively. The TCG 
sequences along the 5’3’ strand adopt a typical B-DNA state. In Figure 5c and 5d are reported 
the starting structure and the structure closest to the average structure calculated along the 
trajectory. We note that the duplexes adopt a highly stable structure without significant 
unstacking events along the trajectory. C5-methylation increases the stiffness of the duplex, as 
shown by the analysis of the RMSF (Root Mean Square Fluctuations) in Figure SI-7. . The 
increased rigidity of DNA upon C5-methylation was also predicted by previous theoretical 
works.
32-33
 and has been recently confirmed by a combined experimental/MD study.
34
 Further 
minor differences induced by methylation (i.e. BI/BII distribution and base twist; see SI and 
Figure SI-8) are in agreement with previously reported MD and experimental data.
32, 35
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Table 4. Average distances (d) in (Å) between the midpoints of C5-C6 bondsin TC/T5mC 
pairs. Values are calculated over the 500000 structures in each trajectory. The standard 
deviations are shown in brackets. 
n-ss m-ss 
T1-C2 4.53 (1.50) T1-5mC2 4.16 (0.60) 
T6-C7 4.61 (1.95) T6-5mC7 4.38 (1.08) 
T11-C12 4.17 (0.53) T11-5mC12 4.06 (0.43) 
all TC pairs
¥
 4.44 (1.50) 
all T5mC 
pairs
¥
 
4.20 (0.76) 
n-ds m-ds 
T3-C4 4.19 (0.39) T3-5mC4 4.25 (0.32) 
T8-C9 4.26 (0.41) T8-5mC9 4.28 (0.33) 
T13-C14 4.26 (0.41) T13-5mC14 4.28 (0.33) 
all TC pairs
¥
 4.24 (0.40) all TC pairs
¥
 4.27 (0.33) 
¥
average over 1500000 conformations 
 
We analyzed the stacking of consecutive bases in the reactive strand of duplexesusing the 
same geometric parameter as in single strands: the distancedcen, between centers of the 
nucleobase rings.Due to the rigidity of the duplex, the filter of the angle between the vectors 
normal to the mean planes of the bases is not necessary. We found the C5-methylation does not 
affect significantly the stacking distance of nucleobases along a single strand. The dcen 
corresponding to TC and CG pairs, averaged over the three pairs in the sequence, is essentially 
the same in methylated and non-methylated duplexes: 4.0Å forTC/T5mC; 4.35Å for CG/5mCG 
(see SI for details). The analysis of sugar puckering reveals that C5-methylation decreases sugar 
phase angles of cytidine (128.8° for C vs. 120.9° for 5mC) and favors population of C1’exo/O4’-
endo pucker over the C2’endo one (Table SI-7). A structural analysis of the TC and T5mC steps 
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reveals that C5-methylation increases the population of C1’exo/O4’-endo and C1’exo/C1’exo 
conformers, allowing a closer approach of the reactive CC bonds (Table SI-8 and Table SI-9). 
The average distances d do not show significant differences between methylated and non-
methylated structures (Table 4 and SI). However, the standard deviations of the d distributions 
are lower for T5mC (0.33) than for TC (0.40). This confirms that C5-methylation, by narrowing 
the distance distribution, increases the stiffness of the TC pairs. The g distances have also very 
similar average values in n-ds and m-ds simulations (Table SI-10 and Figure SI-9), but the 
fraction of duplexes adopting g distances shorter than 4.0 Å is higher for n-ds (0.66) than for m-
ds (0.59).  
The structures along the n-ds trajectory have been subjected to a clustering procedure. In 
particular, we used a RMS metric comparing all atoms in the central pentamer A7TCGT11 
duplex. The representative structure of the major cluster, representing 33% of the population, 
was introduced in the QM calculations. 
The main conclusion of our MD simulations is that C5-methylation favors TC stacking over 
CG stacking in single strands but this effect is weaker in duplexes. Nevertheless, the presence of 
three extra methyls in duplexes increases their stiffness and leads to a shift of the sugar 
puckering. 
Electronic factors 
In a first step, we examined the Franck-Condon excited states of the model duplexes 
(TCG)dsand (T5mCG)ds. The electronic density shifts associated to each of the 5 lowest 
electronic transitions of (TCG)ds are shown in Figure 6. Notwithstanding the limitations of our 
approach,which does not take into account geometry fluctuations and does not include all the 
bases present in the experimentally studied systems, we can draw some qualitative conclusions. 
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Although the 20 lowest energy excited states are built with contribution from bases on both 
strands, the most important part of the excitation is always located on a single strand. The lowest 
energy excited  transition of C is significantly mixed with the electronic transitions of the 
adjacent bases within the same strand. This is the case of the S2, S3, S5 states, for which the 
electronic density is shown in Figure 6. We have also depicted in Figure 6 the weak transitions 
the S0S4 and S0S5, implicating the complementary single strand, with significant GC and 
GA charge transfer character. 
 
Figure 6. Schematic drawing of the electronic density difference associated to the five lowest electronic transitions 
in (TCG)ds according to PCM/TD-M052X/6-31G(d) calculations. Red: decrease of the electron density; green: 
increase of the electron density.  
The lowest energy transition in (T5mCG)ds can be described essentially as a* transition 
localized on 5mC, which receives small contribution from other excitations (Figure 7a). The 
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second excited state (Figure 7b) derives from the interaction between the La excited state 
localized on the G on the complementary strand and the GA charge transfer state. Similarly, S3 
(Figure7c) is localized on the G of the methylated strand, but has a non-negligible G5mC 
charge transfer character. 
 
Figure 7. Schematic drawing of the electronic density difference associated to the three lowest electronic transitions 
in (T5mCG)ds according to PCM/TD-M052X/6-31G(d) calculations. Red: decrease of the electron density; green: 
increase of the electron density.  
Since our calculations show that the electronic transitions mainly involve the bases of a single 
strand, we analyzed the Franck-Condon region of our two model single strands (TCGTA)ss and 
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(T5mCGTA)ss, always starting from structures derived from the duplex MD simulations. This 
analysis is expected to provide insights on the excited state behavior of both the single strand and 
duplex systems under examination. However, we stress that, in respect to single strands the 
weight of long stacked sequences are overestimated, while in respect to duplexes the excited 
states of the complementary strand are missing.  
 
Figure 8. Schematic drawing of the electronic density difference associated to electronic transitions of model single 
strands in the n-ds geometry according to PCM/TD-M052X/6-31G(d) calculations. a) S0S1 in (T5mCGTA)ss; b) 
S0S1 in  (AT5mCGT)ss; c) S0S13 in(T5mCGTA)ss; d) S0S14 in (T5mCGTA)ss. Red: decrease of the electron 
density; green: increase of the electron density. 
The results on the non-methylated systems are reported in Figure SI-10. Figure8shows the 
electronic density shifts associated to some low-lying electronic transitions in two single-
stranded methylated structures. For both examined sequences, the lowest energy transition is 
essentially (>99%) localized on 5mC. Interestingly, for (TCGTA)ss, although the C has the 
largest contribution to the lowest energy transition, it also contains a small participation of 
 23 
theT* excited state (Figure SI-10). Inboth the methylated and non-methylated single strands,G 
bases can also be coupled with an adjacent T base, as shown by the presence of a low-lying 
transition with significant G
+T-charge transfer character. This transition is not present in the 
duplexes, containing three base pairs. The analysis of the higher lying transitions, that can be 
associated to the maximum of the experimental absorption peak, i.e. around 260 nm, shows  a 
significant coupling between the electronic transitions localized on different bases: G (essentially 
corresponding to the Lb excited state), T and of  5mC (Figure 8c and d). 
DISCUSSION 
The degree of C5-methylation of our model strands (20% for single strands, 10% for 
duplexes) is higher than that encountered in genomic DNA, which may reach 3% in the tumor 
suppressor gene p53.
8
 Therefore, its effect on the determined quantum yields for pyrimidine 
dimerization should be larger compared to that expected for natural systems. Despite this fact, 
the increase in CPD is at most 80% (Table 1). Surprisingly, the highest increase (about a factor 
two) was found for the shortest irradiation wavelength. For comparison, we note that the 
maximum increase in the CPD yields reported for genomic DNA is 70% in the UVB region and 
practically no effect at 254 nm.
8
The difference with our results is probably due to the lower 
degree of C5-methylation of natural DNA and to the fact that the precise number of absorbed 
photons, measured in the determination of quantum yields is not taken into account in the 
determination of yields. As far as 64PPs are concerned, our results, showing that the C5-
methylation reduces drastically their quantum yield (Table 1), contrast with the only related 
study on duplexes which reported significant enhancement for both UVB and UVC irradiation.
6
 
Our “corrected” quantum yields expressed by the Im values in Table 2 clearly show that the 
effect of C5-methylation on the UV-induced pyrimidine dimerization cannot be explained simply 
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by the difference between the absorption spectra of C and 5mC. If that was the case, all the Im 
values would be equal to one but this is not observed for either types of dimeric photoproducts, 
CPDs and 64PPs. Before discussing our results obtained by fluorescence spectroscopy, 
molecular dynamics simulations and quantum dynamical calculations, we recall the connection 
of the UV-induced reactivity with electronic excitations in DNA, as emerged from recent 
experimental and theoretical studies.  
According to previous work, CPD formation is induced by absorption of UV radiation directly 
by DNA occurs via * states9, 29, 36 while the reactions leading to oxetane and azetidine, which 
are precursors of TT and TC 64PPs, respectively, take place in a charge transfer state.
9, 29
 
Therefore, the population of the reactive excited states is expected to play a key role in this 
reactivity. It may be added thatelectronic excitations within DNA multimers are redistributed 
during their lifetime among different types of excited states.
37
 On the one hand, an ultrafast 
energy transfer, involving Franck-Condon excited states delocalized over several bases 
(excitons), takes place among various * states of the bases in model duplexes and natural 
DNA.
13, 38
 On the other hand, * states may evolve toward charge transfer states.39-41 In 
addition to these electronic factors, the appropriate geometrical arrangement
14
 of the reactive 
bases, determined among others by the sugar puckering, is crucial and so is the capacity of the 
strand to structurally accommodate the final photoproduct. In addition to these “direct” structural 
effects, the helix conformation plays also an “indirect” role by affecting the fate of collective 
excited states. 
With the above general considerations in mind, we first focus on CPDs starting from single 
strands. The effect of C5-methylation on CPD formation in these relatively flexible structures is 
uniform for all the irradiation wavelength (Im 1.3; Table 2), suggesting that the reaction is 
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controlled by “direct” conformational effects. Their characterization is thus important for 
understanding the behavior of duplexes in which more complex processes intervene, as indicated 
by the wavelength dependence of Im. 
One important origin of the observed increase in CPD in single strands is related to the sugar 
puckering.
9, 42
 As a matter of fact, the presence of an extra methyl in cytosine favors geometrical 
arrangements of T and C that are likely to react. This trend was theoretically demonstrated for 
TCG/T5mCG tri-nucleotides and was found to be independent of the presence of guanine,
9
 in 
line with the increase of the CPD yield observed also in TC di-nucleotides.
43
 In this respect it is 
interesting to compare in a quantitative way the results obtained previously for tri-nucleotides 
and those found for single strands. Our molecular dynamics simulations have shown that C5-
methylation modifies the deoxyribose puckering of the cytidine nucleoside by shifting the phase 
angle to smaller values. The difference between the methylated and non-methylated cytosine 
puckering is 9° in tri-nucleotides whereas in single strands it is only 4.6° because the presence of 
the other bases in the larger system affect the local geometry of the TC step. This “direct” 
structural effect is reflected in the Im values determined for the tri-nucleotides (1.7; Table 1 in 
ref. 9) and single strands (1.3; Table 2), respectively. The better TC stacking in m-ss explains 
also the lower quantum yield found for t,s CPDs compared to n-ss because their formation 
requires unstacking events of the TC pair leading from parallel to anti-parallel alignment of the 
reacting pyrimidines. 
Another effect to be considered in CPD formation is that of the flanking base. It was reported 
that the quantum yield of TT CPDs in double-stranded structures is affected by the type of bases 
flanking the reactive di-nucleotides.
44
 This happens because the dimerization reaction is in 
competition with the formation of charge transfer states between one reactive thymine and the 
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adjacent flanking base, the oxidation potential of the latter being a decisive parameter to the 
issue.
15
 In the case of TCG tri-nucleotides, formation of TC CPDs is in competition with the 
evolution of * states toward C-G+ charge transfer states.9 The presence of an extra methyl at 
the 5 position of cytosine, destabilizes the CG stacking, thus favoring instead CPD formation.
9
 
According to our MD simulations C5-methylation decreases the CG stacked conformations by 
22% (versus 30% for tri-nucleotides). The fingerprint of this process is reflected in the 
quenching of the * fluorescence in m-ss, which is 29% lower compared to that observed for n-
ss (Table 3). Although fluorescence arises potentially from all types of bases, the fact that the m-
ss fluorescence spectrum peaks at 338 nm (Table 3) indicates contribution of the 5mC, whose 
fluorescence spectrum is red-shifted (max = 342 nm for the corresponding nucleoside)
30
 
compared to those of other nucleosides (max = 307, 330, 328 and 334 nm for dA, dT, dC and 
dG, respectively).
16
 In addition to these structural factors, the presence of an extra methyl on 
cytosine reduces its electron affinity and, consequently, the propensity to participate to a C
-G+ 
charge transfer state. 
In duplexes, the “direct” structural parameters that are important for CPD formation are less 
impacted by the presence of an extra methyl on the reactive cytosines with respect to single 
strands. Moreover, there are no important differences in the stacking distance for all the bases 
between n-ds and m-ds, in line with the similar quenching of * fluorescence in the two 
systems (Table 3). Despite this similarity, C5-methylation affects the sugar puckering associated 
with 5mC, leading to an average decrease of the phase angle (Table SI-7) and increasing the 
population of bipyrimidine conformations characterized by closer reactive bonds(Tables SI-8 and 
SI-9). Moreover, the lower electron affinity of 5mC is expected to disfavor evolution of * 
states toward C
-G+ charge transfer states, as in the case of single strands. 
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Along with the processes related to population of charge transfer excited states, further effects 
related to exciton states may influence CPD formation in duplexes. Our quantum chemistry 
calculations on fragments of the examined duplexes have shown indeed that Franck-Condon 
excited states may extend over two or more bases. According to studies performed in the frame 
of the exciton theory for duplexes with different base sequences, delocalization persists even in 
the presence of conformational disorder.
45
 In a perfectly rigid system, internal conversion among 
exciton states (intraband scattering) leads to the bottom of the exciton band. Intraband scattering 
corresponds to energy transfer among the bases because the topography of upper and lower 
exciton states is not the same.
46-47
 In other terms, different bases contribute to upper and lower 
states (Figures 7 and 8). In the presence of conformational motions, there is competition between 
intraband scattering and localization of the * excitations on single bases, possibly with further 
evolution toward charge transfer states. Two limiting scenarios illustrating relaxation of exciton 
states for rigid and flexible systems are depicted schematically in Figure 9. 
 
Figure 9. Effect of the duplex rigidity on the intraband scattering and its consequence to CPD formation. In rigid 
systems (a), intraband scattering leads to the bottom of the exciton band, transferring the excitation energy to 
reactive bases. In the presence of conformational motions (b), intraband scattering is in competition with localization 
Frenkel excitons
localized
*  states
charge transfer
states
Frenkel excitons
CPD
in
tr
ab
an
d
sc
at
te
ri
n
g
CPD
rigid system
m
-d
s n
-d
s
a
b
 28 
of * excitations, occurring randomly on various bases, including non-reactive ones, and possible evolution to 
charge transfer states. C5-methylation increases the duplex rigidity favoring transfer of * excitations from initially 
populated collective states to reactive pyrimidines. 
As a result ofintraband scattering in m-ds reactive pyrimidines will receive the energy 
absorbed simultaneously by several bases. The efficiency of energy transfer depends on the 
number of bases participating to the Franck-Condon excited state populated by photon 
absorption. The participation ratio (or in other terms the degree of delocalization) is smaller for 
the exciton states located in the red part of the absorption spectrum,
48
 explaining the decrease of 
Im with increasing irradiation wavelength. According to our molecular dynamics simulations the 
structure of n-ds is less rigid, in the sense that the dynamical fluctuations are larger (Figure SI-7) 
than that of m-ds, in line with the higher melting temperature of the methylated duplex (Figure 
SI-1). For n-ds, which is less rigid than the m-ds, intraband scattering will be less efficient. As 
the competing process, localization of the excitation, occurs randomly in any of the bases 
participating to the initially populated collective state, the probability of energy transfer to 
reactive pyrimidines is lower in n-ds compared to m-ds. 
It is also interesting to compare our results on CPDs with those obtained using locked 
configurations of thymines.
49
 It was found that such an increase in the stiffness of reactive 
pyrimidines induces a larger increase in the CPD in single than in double stranded structures. 
This effect was correlated with the distances in the reactive bonds in such system, determined by 
molecular dynamics simulations. The fact that the opposite effect is observed for methylated 
systems examined here, in particular for 255 nm irradiation, corroborates the occurrence of an 
energy transfer and trapping process.  
Regarding the effect of C5-methylation on 64PPs, as they result from a two-step reaction, 
involving an azetidine intermediate (Scheme 1), the quantum yields reflect the overall effect. The 
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Im values corresponding to 64PPs are practically constant (Im = 0.2-03) for all the irradiation 
wavelengths and they are not affected by base pairing (Table 2). Such a uniform behavior 
suggests that the reaction is not impacted by the important conformational differences between 
single and double strands. Instead, the factors controlling 64 appear to be rather local, tightly 
connected with the reacting chromophores.  
Local factors, intervening in the first step of the reaction, may be conformational. The conical 
intersection crucial for the formation of the azetidine intermediate exhibits a c2c4 puckering, 
which is destabilized in the presence of methyl. Additional indications are provided by the MD 
analysis of the distances g, related to azetidine formation, which are slightly shifted to lower 
values for n-ds compared to m-ds (Table SI-10 and Figure SI-9). From an electronic point of 
view, the strong decrease of the cytosine ionization potential (0.32 eV, according to M052X/6-
31+G(d,p) calculations) induced by the presence of the methyl suggests an increased stability of 
the non-reactive C
+T-charge transfer state, and, therefore, a smaller propensity to give rise to 
T
+C- charge transfer state, leading to azetidine. The formation of the latter intermediate implies 
(2+2) cycloaddition between the C5-C6 bond of the thymine and the imine group of the cytosine 
whose electronegativity is may affect the reaction. Thus, an decrease in electronegativity, 
achieved by N4-methylation of C induces a tenfold increase in the yield of 64PPs in TCG tri-
nucleotides.
50
 The presence of the methyl at the 5 position of cytosine is expected to reduce this 
electronegativity, rendering the cycloaddition more difficult. The role of the electronegativity in 
the stability of the reaction intermediate leading to 64PPs is supported by the results obtained 
following substitution of the Oxygen atom in the C4O8 carbonyl group by the less 
electroengative Sulphur atom. Only thietane, the intermediate arising from cycloaddition 
between thymidine and 4-thiothymidine, was stable enough to be isolated and characterized.
51
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The final step leading to 64PPs in general, has been less studied. It was shown that, in the 
cases of thymine single strands, it takes place on the millisecond time scale.
52
 Theoretical 
calculations indicate that the oxetane ring opening requires participation of two water molecules 
from the local environment. We could infer that the presence of a methyl on cytosine modifies 
the water network in the vicinity of azetidine which participate to this reaction, but for the 
moment we have not clear proofs on this issue. 
CONCLUSION 
In the present study, we have explored various physicochemical factors underlying pyrimidine 
dimerization in C5-methylated duplexes containing the biologically relevant sequence TCG, 
associated with carcinogenic mutations. For the first time, the effect of C5-methylation on 
pyrimidine dimer formation in duplexes was quantified by determination of quantum yields, 
providing a solid ground for studies aimed at the understanding of the related fundamental 
process. We have found that the CPD quantum yield in methylated systems, in contrast to non-
methylated ones, increases with increasing irradiation wavelength, confirming that the red-shift 
of the cytosine absorption spectrum upon C5-methylation does play a role in this photo-reaction. 
However, this red shift accounts only partly for the examined reactivity because the effect of C5-
methylation on CPD formationin duplexes is clearly larger for shortest irradiation wavelength 
(255 nm), where the absorption of 5mC is less intense than that of C. Conformational changes, 
especially related to the sugar puckering, appear in fact to be important, stabilizing stacking 
arrangements that favor CPD formation while perturbing those leading to 64PPs. Structural 
changes are strongly connected to the redistribution of the excitation energy in double-stranded 
structures. On the one hand, they may affect the participation of C to excited charge transfer 
states with the neighboring bases (T
+C-, C-G+). On the other, they increase the duplex 
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rigidity, a condition that is crucial for energy transfer from non-reactive bases to reactive ones, 
via delocalized excited states (excitons). Such a transfer could explain the better reactivity 
toward CPDs observed for 255 nm irradiation. 
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